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with BAK1. Finally, two intriguing
AvrPto-interacting proteins, Api2 and
Api3, are putative small GTPases with
homologies to human Rab8 and yeast
Sec4p proteins [19]. However, the
function of Api proteins in PTI and the
relevance of their interaction with
AvrPto for the promotion of virulence
have never been assessed.
Certain results from this and
previous studies have prompted a
re-evaluation of current models for
effector recognition during ETI.
Recognition of effectors by R proteins
can be direct or indirect. In the case
of indirect recognition, the dominant
hypothesis suggests that R proteins
monitor cognate host proteins,
designated ‘guardees’, for
modifications induced by effectors as
part of a virulence strategy [6].
However, neither Pto or Prf seem to
be plausible virulence targets. Current
and previous work suggests that there
may be competition between Pto and
FLS2 for AvrPto binding [2,13]. This
forms the basis of a new model for
effector recognition, in which Pto acts
as a ‘decoy’ for FLS2 (Figure 1). In
this model, Pto is a mimic of the FLS2
kinase domain, but elicits strong
defences through ETI. In the case of
AvrPto, a perfect test of the model can
be carried out by examining FLS2
inhibition by AvrPto in tomato lines that
contain Pto but lack Prf (Figure 1).
Overall, the current work, together with
a previous study on viral effectors [20],
shows an important new strategy for
effector function that is likely to be
general for all plant–microbe
interactions.
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R220Trans-Synaptic Plasticity: Presynaptic
Initiation, Postsynaptic Memory
A novel mechanism of persistent facilitation induced by serotonin at Aplysia
synapses depends upon rapid postsynaptic protein synthesis and increased
responsiveness to glutamate; whereas the memory for this synaptic change is
postsynaptic, the initiating signal may be an increase in spontaneous release of
glutamate from the presynaptic terminals.
Qin Wan1 and Thomas W. Abrams1,2,3
The analysis of cellular and molecular
mechanisms of synaptic plasticity that
contribute to learning has long been
organized around simple dichotomies,
such as presynaptic versus
postsynaptic mechanisms. While these
can be useful distinctions for guiding
experimental analysis, the underlying
biology may be more complex, as
a diversity of mechanisms contributes
to plasticity at individual synapses.
According to the commonly held
perspective, long-term potentiation
in the CA1 region of hippocampus
involves strictly postsynaptic
modulatory mechanisms [1], whereas
in the marine mollusc Aplysia,
facilitation at synapses between
sensory neurons and motor neurons
involves presynaptic mechanisms [2].
Recent work from two laboratories [3,4]
on these sensorimotor synapses now
suggests a novel form of trans-synaptic
plasticity, in which the presynaptic
neuron plays an important initiating
role, while persistent changes in the
postsynaptic cell underlie the stable
increase in synaptic strength. The
coupling between presynaptic and
postsynaptic cells appears to be
mediated by an increase in
spontaneous vesicle release,
a phenomenon previously thought to
have no signaling value. While we
focus here on facilitation at the
Aplysia sensorimotor synapse, the
Dispatch
R221concept of trans-synaptic plasticity is
likely to be relevant for synaptic
plasticity during learning in other
species, including mammals where
there is also recent evidence for
coordinated contributions from both
sides of the synapse [5,6].
In Aplysia, during sensitization of
the defensive withdrawal reflexes,
noxious stimuli trigger the release of
serotonin [7], which results in the
strengthening of synaptic connections
from sensory neurons to motor
neurons in the circuits that produce
these reflexes (Figure 1). Numerous
studies have focused on presynaptic
mechanisms that contribute to
synaptic strengthening or facilitation.
It was earlier found that associative,
activity-dependent facilitation at these
synapses involves postsynaptic Ca2+
signaling [8,9]. A study by Villareal et al.
[4], published recently in Current
Biology, has now revealed that the
postsynaptic motor neuron also
contributes to facilitation induced by
serotonin alone, in the absence of
activity.
To analyze the postsynaptic
contribution to serotonin-induced
facilitation, Villareal et al. [4] used
a preparation with isolated motor
neurons in culture, in which they
substituted puffs of the
neurotransmitter glutamate for
activation of the presynaptic sensory
neurons; glutamate is the excitatory
transmitter released at the sensory
neuronsynapses.A10minuteexposure
to serotonin resulted in enhancement of
the glutamate response in the isolated
motor neuron, which persisted without
decrement for at least 40 minutes
after serotonin washout. Because no
presynaptic cell was present, the
increase in the glutamate response
must depend entirely on a postsynaptic
mechanism. One component of this
postsynaptic mechanism was
revealed by experiments with the
protein synthesis inhibitor emetine.
Emetine dramatically reduced the
facilitation of the glutamate response
during serotonin exposure and
entirely eliminated the enhanced
response within a few minute after
serotonin washout. Thus, even at
these very early time points, within
10 minutes after the onset of
serotonin exposure, facilitation of the
glutamate response depends upon
postsynaptic protein synthesis.
The very early time frame at which
these effects of emetine were
observed suggests that the critical
protein synthesis must be occurring
very proximal to the synapses, rather
than in the motor neuron cell body. To
test this possibility directly, Villareal
et al. [4] studied responses to
glutamate puffs of isolated processes
of motor neurons, after removal of the
cell bodies. Serotonin application
resulted in enhancement of the
glutamate response that lasted more
than 40 minutes after serotonin
washout. This enhancement was
blocked by emetine, demonstrating
that local protein synthesis in the
isolated motor neuron processes is
necessary for persistent facilitation of
the glutamate response. Does local
protein synthesis in the motor neuron
contribute to facilitation at actual
synapses, where the motor neuron
receives its glutamatergic input from
a presynaptic sensory neuron?
Injection of the protein synthesis
inhibitor gelonin into the motor
neuron eliminated the vast majority
of the facilitation within 10 minutes
after serotonin washout. This
demonstrates that postsynaptic
protein synthesis indeed plays an
important role in persistent facilitation




these sensorimotor synapses has been
viewed as an entirely presynaptic
phenomenon. Now it is clear that
a protein synthesis-dependent
mechanism can operate in the
postsynaptic motor neuron to
enhance the response to glutamate.
How is postsynaptic protein synthesis
activated and what mechanism is
responsible for the increase in the
glutamate response? Recently, these
same investigators found that
persistent facilitation of these
synapses by serotonin was blocked
by injection of botulinum toxin into
the motor neuron. Botulinum toxin
inhibits vesicle fusion with the
membrane, thereby blocking insertion
of membrane proteins. This suggested
that the postsynaptic component of
the facilitation that persists after
serotonin washout is mediated by









Figure 1. The defensive withdrawal circuit in Aplysia.
The marine snail Aplysia, with the siphon and the gill visible. Sensory neuron processes (green)
end in the siphon skin and motor neuron synaptic terminals (blue) end on muscle fibers in the
gill. The sensory neuron and motor neuron axons project from cell bodies in the abdominal
ganglion (orange). Tail shock activates facilitator interneurons, causing the release of serotonin
in the ganglion. Above: schematized view of the synaptic connections of these neurons are
shown. The serotonergic facilitator neuron (Fac. N) makes synapses onto both the presynaptic
sensory neuron (SN) and the postsynaptic motor neuron (MN).






























Figure 2. The signaling cascade by which serotonin acts to increase the response of the postsynaptic motor neuron to the neurotransmitter
glutamate.
Inset: serotonin causes an increase in the frequency of spontaneous miniature synaptic potentials. These events representing spontaneous
fusions of synaptic vesicles were previously believed to have no functional role. In the presynaptic sensory neuron terminal (on left), synaptic
vesicles (SVs) are shown, with a single glutamate-containing vesicle undergoing spontaneous fusion. The serotonin receptor (5-HTR) acts via
a G protein to stimulate phospholipase C (PLC), which cleaves phosphoinositol-4,5-bisphosphate (PIP2) to liberate IP3 and diacylglycerol (DAG).
DAG activates protein kinase C (PKC) which increases the rate of spontaneous vesicle fusions. The glutamate that is released via spontaneous
fusions activates G-protein-coupled metabotropic glutamate receptors (mGluR) in the motor neuron dendrite (on right), which activate PLC. IP3
triggers release of Ca2+ from the endoplasmic reticulum (ER), which together with DAG, activates Ca2+-dependent PKC. The pathway between
the upstream signals, IP3 and Ca
2+, and local protein translation and increased insertion of AMPA-type glutamate-gated channels (AMPAR) is
not known. PKC may contribute to activation of translation locally via S6 kinase (S6K) [19].ion channels, apparently AMPA-type
receptors.
How does serotonin induce this
change in glutamate-gated ion
channel trafficking? An intriguing set
of results recently presented by Jin
et al. [3] suggest that the trigger may
be a serotonin-induced increase in
the spontaneous release of glutamate
from the presynaptic sensory neuron.
Increased spontaneous release of
vesicles has long been known to
accompany serotonin-induced
facilitation at these synapses [10]
(Figure 2, inset). In general,
spontaneous release is considered to
represent synaptic noise — occasionalvesicles that escape from the tightly
regulated, Ca2+-gated brake on
exocytosis. When spontaneous release
was reduced by presynaptic injection
of low concentrations of either
botulinum toxin or the Ca2+ chelator
EGTA, the persistent component of
serotonin facilitation was blocked.
Antagonists to G-protein-coupled
(metabotropic) glutamate receptors
largely reduced the persistent
facilitation. Thus, it appears that
increased spontaneous release of
glutamate from the presynaptic
sensory neuron activates postsynaptic
metabotropic glutamate receptors,
initiating a postsynaptic mechanismof facilitation. This would suggest
that the increase in spontaneous
release of vesicles (miniature synaptic
transmission) initiated by serotonin
has an important signaling role,
rather than just being irrelevant
noise. Interestingly, spontaneous
transmitter release has also recently
been implicated in homeostatic
regulation of synaptic strength [11].
Homeostatic mechanisms act to
maintain overall synaptic input at
a stable level. Now it appears that
miniature synaptic transmission
may also participate in signaling
that initiates a change in synaptic
strength.
Dispatch
R223Several lines of evidence suggest
that postsynaptic metabotropic
glutamate receptors induce increased
sensitivity to glutamate in the motor
neurons by activating phospholipase
C (PLC). Using a fluorescence
resonance energy transfer (FRET)
reporter [12], Jin et al. [3] observed
that serotonin stimulated PLC activity
in the motor neuron; this effect was
blocked when spontaneous release
from the sensory neuron was reduced
with presynaptic botulinum toxin. PLC
releases inositol 1,4,5-trisphosphate
(IP3) and diacylglycerol, and IP3 in
turn triggers release of Ca2+ from the
endoplasmic reticulum. Li et al. [13]
demonstrated that injection of an IP3
receptor antagonist, heparin, into the
motor neuron largely inhibited
persistent facilitation. Diacylglycerol
and Ca2+ activate protein kinase C
(PKC) which is likely to contribute to
stimulation of protein synthesis and
glutamate-gated ion channel insertion.
There are a number of aspects of
this mechanism that remain unclear.
Although, in the presence of the
presynaptic neuron, spontaneous
release of glutamate plays a critical
role, there must also be postsynaptic
serotonin receptors capable of
mediating facilitation in the absence
of the sensory neuron; the signaling
pathway used by these postsynaptic
receptors is not known. How
postsynaptic PKC and protein
synthesis enhance insertion of
glutamate-gated ion channels must
be investigated. Moreover, it remains
to be determined how serotonin
receptors interact with this mechanism
(Figure 2).
The early requirement for protein
synthesis within minutes of serotonin
exposure was surprising. Previous
studies of persistent facilitation at
these synapses had implicated
protein synthesis at later times, 0.5 to
3 hours after serotonin exposure
[14,15]. This translation-dependence
and transcription-independence has
been considered a defining
characteristic of ‘intermediate-termfacilitation’ [14,16]. In actuality,
‘intermediate-term facilitation’ is not
a unitary process. Depending on the
concentration and duration of
serotonin and on the amount of activity
in the sensory neuron, persistent
facilitation may involve either
cAMP-dependent kinase or PKC, and
may or may not require protein
synthesis; with some protocols, the
critical molecular cascade underlying
persistent facilitation appears to be
located presynaptically [17,18]. The
initial description of intermediate-term
facilitation at thesesynapses suggested
that distinct serotonin-initiated
facilitatory mechanisms are
independently recruited as alternative
processes, rather than merely being
superimposed [14]. How distinct
facilitatory pathways are selectively
recruited in a mutually exclusive
manner is an intriguing question to be
addressed in future investigations.
References
1. Malenka, R.C. (2003). Synaptic plasticity and
AMPA receptor trafficking. Ann. NY Acad. Sci.
1003, 1–11.
2. Byrne, J.H., and Kandel, E.R. (1996).
Presynaptic facilitation revisited: state and time
dependence. J. Neurosci. 16, 425–435.
3. Jin, I., Rayman, J.B., Puthanveettil, S.,
Vishwasrao, H.D., Kandel, E.R., and Hawkins,
R.D. (2007). Spontaneous transmitter release
from the presynaptic sensory neuron recruits
IP3 production in the postsynaptic motor
neuron during the induction of intermediate-
term facilitation in Aplysia. Neuroscience
Meeting Planner: Society for Neuroscience.
Program No 429.13. 2007.
4. Villareal, G., Li, Q., Cai, D., and Glanzman, D.L.
(2007). The role of rapid, local, postsynaptic
protein synthesis in learning-related synaptic
facilitation in Aplysia. Curr. Biol. 17,
2073–2080.
5. Antonova, I., Arancio, O., Trillat, A.C.,
Wang, H.G., Zablow, L., Udo, H., Kandel, E.R.,
and Hawkins, R.D. (2001). Rapid increase in
clusters of presynaptic proteins at onset of
long-lasting potentiation. Science 294,
1547–1550.
6. Ward, B., McGuinness, L., Akerman, C.J.,
Fine, A., Bliss, T.V., and Emptage, N.J. (2006).
State-dependent mechanisms of LTP
expression revealed by optical quantal
analysis. Neuron 52, 649–661.
7. Marinesco, S., and Carew, T.J. (2002).
Serotonin release evoked by tail nerve
stimulation in the CNS of Aplysia:
characterization and relationship to
heterosynaptic plasticity. J. Neurosci. 22,
2299–2312.
8. Bao, J.X., Kandel, E.R., and Hawkins, R.D.
(1998). Involvement of presynaptic andpostsynaptic mechanisms in a cellular analog
of classical conditioning at Aplysia
sensory-motor neuron synapses in isolated
cell culture. J. Neurosci. 18, 458–466.
9. Murphy, G.G., and Glanzman, D.L. (1997).
Mediation of classical conditioning in Aplysia
californica by long-term potentiation of
sensorimotor synapses. Science 278, 467–471.
10. Ghirardi, M., Braha, O., Hochner, B.,
Montarolo, P.G., Kandel, E.R., and Dale, N.
(1992). Roles of PKA and PKC in facilitation
of evoked and spontaneous transmitter release
at depressed and nondepressed synapses
in Aplysia sensory neurons. Neuron 9,
479–489.
11. Sutton, M.A., Ito, H.T., Cressy, P., Kempf, C.,
Woo, J.C., and Schuman, E.M. (2006).
Miniature neurotransmission stabilizes
synaptic function via tonic suppression of
local dendritic protein synthesis. Cell 125,
785–799.
12. Violin, J.D., Zhang, J., Tsien, R.Y., and
Newton, A.C. (2003). A genetically encoded
fluorescent reporter reveals oscillatory
phosphorylation by protein kinase C. J. Cell
Biol. 161, 899–909.
13. Li, Q., Roberts, A.C., and Glanzman, D.L. (2005).
Synaptic facilitation and behavioral
dishabituation in Aplysia: dependence
on release of Ca2+ from postsynaptic
intracellular stores, postsynaptic exocytosis,
and modulation of postsynaptic AMPA
receptor efficacy. J. Neurosci. 25,
5623–5637.
14. Ghirardi, M., Montarolo, P.G., and Kandel, E.R.
(1995). A novel intermediate stage in the
transition between short- and long-term
facilitation in the sensory to motor neuron
synapse of Aplysia. Neuron 14, 413–420.
15. Sutton, M.A., and Carew, T.J. (2000). Parallel
molecular pathways mediate expression of
distinct forms of intermediate-term facilitation
at tail sensory-motor synapses in Aplysia.
Neuron 26, 219–231.
16. Stough, S., Shobe, J.L., and Carew, T.J. (2006).
Intermediate-term processes in memory
formation. Curr. Opin. Neurobiol. 16, 672–678.
17. Sutton, M.A., Bagnall, M.W., Sharma, S.K.,
Shobe, J., and Carew, T.J. (2004).
Intermediate-term memory for site-specific
sensitization in Aplysia is maintained by
persistent activation of protein kinase C. J.
Neurosci. 24, 3600–3609.
18. Zhao, Y., Leal, K., Abi-Farah, C., Martin, K.C.,
Sossin, W.S., and Klein, M. (2006). Isoform
specificity of PKC translocation in living
Aplysia sensory neurons and a role for
Ca2+-dependent PKC Apl I in the induction of
intermediate-term facilitation. J. Neurosci. 26,
8847–8856.
19. Khan, A., Pepio, A.M., and Sossin, W.S. (2001).
Serotonin activates S6 kinase in a rapamycin-
sensitive manner in Aplysia synaptosomes.
J. Neurosci. 21, 382–391.
1Department of Pharmacology, 2Department
ofAnesthesiology, 3Program in Neuroscience,
University of Maryland School of Medicine,
Baltimore, Maryland 21201-1559, USA.
E-mail: tabrams@umaryland.edu
DOI: 10.1016/j.cub.2007.12.046
